Abstract: All the available data on phase equilibria, thermodynamic and structural properties of the lanthanum-zinc phases are presented and critically analysed in this paper. Although these data allow to draw an overall description of the binary system, they are not accurate enough for further extrapolations to higher order systems using computational methods. Therefore at the end of this analysis we suggest new experimental investigations to improve the description of this system.
INTRODUCTION
The low densities of Mg-Zn alloys make them very attractive for applications in transport industry. However, because of their weak mechanical performances, they cannot be used without additives. Recently it was shown that the addition of Rare Earth metals (RE) can strongly improve these mechanical properties [1] [2] [3] and thus, the studies of the RE-Mg-Zn systems become of great interest.
The optimisation of these alloys requires knowledge on thermal and chemical stabilities and consequently, on phase diagrams. For systems containing more than four constituents, the phase equilibria are generally calculated by using the CalPhaD method. However, these calculations need accurate experimental information on the constitutive binary and ternary systems.
The aim of this work is to gather all the information reported in literature on the La-Zn system, to critically analyse these data and to suggest further experimental investigations that are required to provide a more accurate description of the La-Zn system.
A congruent melting was evidenced for this phase [5, 10] . Depending on the authors, two temperatures were reported (1128 K [5] and 1125 K [10] ).
LaZn4 (80 at. % Zn) was first identified in 1941 by Rolla et al. [5] . Later on, in 1961, Gschneider [11] reported the existence of a new compound (LaZn 5 ) which is closed to LaZn4 in composition, though without mentioning the latter compound. A further analysis [12] showed that both LaZn4 and LaZn 5 coexist.
The crystalline structure of LaZn4 was described by Bruzzone et al. [12] as "probably an orthorhombic distortion of the BaAl 4 -type" structure.
Combining thermal analysis measurements and Tamman's method, Rolla et al. [5] determined an invariant peritectic decomposition of that phase at 1144 K.
LaZn5 (83.3 at. % Zn) crystallizes in the CaCu 5 -type hexagonal structure [13] . By analogy with the Ce-Zn system, Veleckis et al. [9] suggested LaZn 5.25 as being the exact stoichiometry for this phase.
Schramm [14] performed differential thermal analysis on alloys with compositions ranging from 80.5 to 87.1 at. % Zn. Both on heating and cooling, he clearly showed the existence of an invariant reaction at 1137 K. This transition could be associated either to the LaZn 4 or the LaZn 5 decompositions.
If one considers that the temperature 1144K corresponds to the decomposition of LaZn 4 as reported in Ref. [5] , we can assume that 1137 K is the temperature of the peritectoid decomposition of LaZn 5 following the reaction LaZn 5 = LaZn 4 + La 3 Zn 22 .
La3Zn22 (88 at. %Zn) was first described as LaZn 7.3 by Veleckis et al. [9] . Later on, Kripyakevich et al. [15] determined the cell parameters of this phase using an analogy with the Pu 3 Zn 22 structure. Therefore we will retain the La3Zn22 formula for this phase.
Using differential thermal analysis, Schramm [14] evidenced an invariant reaction at 1205 K for a composition around 88 at. % Zn. This thermal phenomenon can be attributed to the peritectic decomposition of La 3 Zn 22 . However, the observed temperature might be underestimated as it was determined on cooling.
La 2 Zn 17 (89.5 at. % Zn) was first reported by Gschneider [11] . Prior to Gschneider's work two phases, namely LaZn 8 (88.8 at. % Zn) and LaZn 9 (90.0 at. % Zn), were reported around 89.5 at. % Zn. Based on an analogy with the Th-Ni system, Gschneider propose to replace LaZn 8 and LaZn 9 by La 2 Zn 17 .
Based on structural studies performed on single crystals of Ho 2 Zn 17 and Th 2 Zn 17 , Iandelli et al. [16] suggested that whatever the RE element, RE 2 Zn 17 compounds crystallize in the same structure. This assumption was confirmed by Siegrist et al. [17] for La 2 Zn 17 by measuring the cell parameters of this phase. These cell parameters were also determined by Iandelli et al. [16] and Veleckis et al. [9] . Note however that Veleckis and co-workers used the Th 2 Ni 17 structure to determine the cell parameters of La 2 Zn 17 . Hence Veleckis' parameters cannot be considered as reliable. Schramm [14] and Rolla et al. [5] found a congruent melting for La 2 Zn 17 at 1235 K and 1247 K respectively. LaZn 11 (91.6 at. % Zn) was first observed by Schramm [14] . According to Sanderson et al. [18] , this phase crystallizes in the BaCd 11 structure. The cell parameters were determined by Sanderson et al. [18] and Iandelli et al. [16] within 1% of agreement.
According to Schramm et al [14] , LaZn 11 is stable up to 983 K. Above this temperature, LaZn 11 peritectically decomposes to give La 2 Zn 17 and liquid. Kovalevskii et al. [19] observed the LaZn 11 phase at 1000 K. This is not consistent with the above mentioned Schramm proposition. However, thermal analysis measurements performed on three alloys with compositions closed to that of La 2 Zn 17 and LaZn 11 show an invariant transition at 991 K which is still not explained.
LaZn 13 (92.8 at. % Zn) which is the zinc richest phase was first observed by Rolla et al. [5] . Kuz'ma et al. [20] showed that the structure of this phase is similar to that of the NaZn 13 cubic phase. Veleckis et al. [9] determined the cell parameter of LaZn 13 . As they found values ranging from 12.079 Å to 12.096 Å, they concluded that LaZn 13 is not a stoichiometric phase. However, they did not define the homogeneity range with accuracy.
The cubic cell parameter of this phase was also determined by Iandelli et al. [16] and Kuz'ma et al. [20] . Iandelli's value corresponds to Veleckis' highest one while the cell parameter determined by Kuz'ma et al. [20] agrees within 0.2% with Veleckis' lowest one.
An invariant reaction was observed at 1113 K both by Rolla et al. [5] and Iandelli et al. [16] . This reaction is associated by the former authors to the peritectic decomposition "LaZn 13 = La 2 Zn 17 + liquid". By contrast, the latter authors attributed this reaction to the peritectic decomposition "LaZn 11 = La 2 Zn 17 + liquid".
As mentioned earlier in this section, an invariant transition which could not be interpreted was reported at 991 K by Schramm [14] for alloys with compositions ranging from La 2 Zn 17 to LaZn 11 .
To obtain a consistent phase diagram we could propose a peritectic transition for LaZn 13 (liquid + La 2 Zn 17 = LaZn 13 ) at 1113 K and a solid-solid transformation for LaZn 11 at 991 K (La 2 Zn 17 + LaZn 13 = LaZn 11 ). However, such an interpretation is not consistent with the results of Kovalevskii et al. [19] who reported LaZn 11 as a stable phase at 1000 K. As a consequence, new measurements have to be performed in the zinc richest part of the La-Zn phase diagram.
Finally, it is worthwhile to note that no solubility in pure La and Zn phases were reported in the literature.
PHASE EQUILIBRIA
All the investigations of the La-Zn phase diagram reported in literature are listed in Table 2 .
Invariant Equilibria
Rolla et al. [5] are the only authors who investigated the lanthanum richest part of the La-Zn phase diagram. However they did not mentioned the two well known phase transformations of pure lanthanum, namely dhcp-La = fcc-La and fcc-La = bcc-La (see Ref. [21] ). According to Gschneidner [11] , Rolla et al. [5] used low purity La (98 %) for the synthesis of their alloys. This might explain why the phase transformations were not mentioned and the reported melting point of La was 100K lower than the reference melting temperature provided by [21] . Therefore, for compositions lower than 10 at. % Zn, Rolla's results are doubtful.
Twelve binary invariant equilibria were found in literature. Their characteristics are gathered in Table 3 .
The melting temperatures of the intermediate phases have already been discussed in the previous section. Regarding to the additional equilibria, they correspond to four eutectics:
Eutectic 1 (liquid = fcc-La + LaZn) was observed by Rolla et al. [5] at 803 K. Using Tamman's method, the eutectic composition was estimated to amount to 22 at. %.
Eutectic 2 (liquid = LaZn + LaZn 2 ) was found by Rolla et al. [5] at 1033 K with a eutectic composition of 56.5 at. % Zn. A weak thermal effect was observed by Michel et al. [10] at 1047 K for an alloy containing 66.66 at. % Zn. This effect was attributed to an allotropic transformation in the LaZn 2 compound. However, since such transformations were never reported so far for REZn2 type compounds, this thermal effect can be attributed to the eutectic 2 provided that the composition of the sample was richer in lanthanum than expected. Because of this discrepancy, the temperature of this eutectic should to be checked. Eutectic 3 (liquid = LaZn 2 + LaZn 4 ) was observed by Rolla et al. [5] on several alloys. The corresponding temperatures show a large dispersion (Fig. 1) . The values range from 1038 K to 1066 K with an average value of 1055 K. Using Tamman's method, the eutectic composition was estimated to amount to 73.4 at. % Zn.
Schramm [14] also observed the eutectic 3 though at the temperature of 1029 K. However, the observed temperature Ref.
Direct Thermal Analysis (heating) -TA 600 -1250 0 -100 [5] Direct Thermal Analysis (heating and cooling) -TA 600 -1250 75 -100 [14] Differential Thermal Analysis (heating) -DTA 900 -1150 66.7 [10] E.m.f. measurements 700 -1000 97 -100 [22] might be underestimated as it was determined on cooling. Therefore we will discard this value.
Eutectic 4 was found by Schramm [14] and Rolla et al. [5] at 688 K and 694 K, respectively. No reaction was attributed to this eutectic. However as the reference melting point of Zn (692.73 K) provided by SGTE [21] lies within the range 688-694K, two possibilities can be envisaged. This reaction could either correspond to a eutectic or a degenerated peritectic. Additional investigations are necessary to firmly conclude on the characteristics of this invariant reaction.
Liquidus Curve
Rolla et al. [5] are the only authors who performed measurements in the composition range 0-66 at. % Zn (Fig. 2) . As mentioned before, due to the low purity of the lanthanum used in the synthesis of the samples, the results in the La-rich domain are not reliable.
Both Rolla et al. [5] and Schramm [14] investigated the composition range 66-89 at. % Zn. All the available data are presented in Fig. (3) . As the liquidus curves obtained by these authors between 76 and 84 at. % Zn [5] or LaZn 5 [14] ) was considered in each of these works, this part of the phase diagram must be clarified by additional investigations.
The equilibria in the composition range 89-100 at. % Zn are presented in Fig. (4) . The liquidus curves determined by Rolla et al. [5] and Schramm [14] are in good agreement. In the zinc richest part of this composition domain, the liquidus curve was determined by Lebedev et al. [22] from electromotive force (e.m.f) measurements. As expected from the large difference in temperature (about 400K) between the melting point of an alloy with 98 at.%Zn and that of pure zinc, we can notice a very sharp slope for this curve (about 300 K (at. %) -1 ). In such a case, only e.m.f measurements are able to provide reliable liquidus curve.
In conclusion, from all the literature data, the phase diagram depicted in Fig. (5) can be proposed. However some discrepancies still remain and accurate, additional experimental investigations are needed to provide a clear picture of the La-Zn phase diagram.
These investigations should focus on the La-rich part of the phase diagram (up to 25 at. % Zn) which is still unknown, on the determination of the temperature of the eutectic 2 (liquid = LaZn + LaZn 2 ), on the elucidation of the existence of LaZn4 and LaZn5 phases, on the liquidus curve in the composition range 75-89 at. % Zn and finally on the stability ranges of LaZn11 and LaZn13.
THERMODYNAMIC DATA
All the thermodynamic investigations on solid phases reported in literature are listed in Table 4. E.m.f. measurements were performed in the temperature range 700-1000 K in the zinc rich part of the La-Zn phase diagram [23] [24] [25] . All the results are plotted in Fig. (6) . An overall agreement is observed. Except for Mullayanov et al. [24] who indicated a composition range of 95.0-98.6 at. % Zn for their alloys, the other authors did not give values for the studied compositions. According to the La-Zn phase diagram, at those temperatures and for compositions higher than about 93 at.% Zn, the alloys are constituted of a liquid in equilibrium with the solid phase LaZn13. However in their papers, the authors attributed the solid phase to LaZn 11 . This mistake is caused by the fact that the authors did not perform samples analyses and based the interpretation of their results on a wrong phase diagram. The partial enthalpy, entropy and Gibbs energy of lanthanum determined from these e.m.f. measurements are reported in Table 5 . Fig. (4) . The La-Zn phase diagram from 89 to 100 at.% Zn. Kovalevskii et al. [19] investigated by e.m.f. measurements the whole range of compositions of the La-Zn phase diagram at 1000 K. The interpretation of these results in the light of previous literature data led the authors to consider seven stable compounds, namely LaZn, LaZn 2 , LaZn 4 , LaZn 6 , LaZn 8 , LaZn 9 and LaZn 11 . However this interpretation disagrees with our analysis regarding the phase stoichiometry. A new interpretation of Kovalevskii's results at 1000 K was presented in Ref. [26] . This interpretation of e.m.f. measurements is in agreement with our suggested phase diagram. The differences between these two interpretations for Kovalevskii's results could be explained by zinc evaporation in the zinc richest samples.
In the same study, Kovalevskii et al. [19] investigated the evolution of the e.m.f. with respect to temperature for alloys selected from each two-phase region. The investigated temperatures ranged from 700 to 1120 K. From these data, the partial Gibbs energies of lanthanum are calculated at 1000 K (see Table 5 ). Table 6 gives the partial enthalpies and entropies determined from the new interpretation of Kovalevskii's measurements [26] . Fig. (6) . E.m.f. measurements on two-phase (liquid+solid) alloys belonging to the zinc-richest part of the phase diagram with respect to temperature. Morishita et al. [27] investigated the thermodynamic properties of the LaZn 13 phase. The sample was synthesized from pure elements (Zn, 99.9 wt. % and La, 99.99 wt. %) in a high-frequency induction melting furnace. According to the microprobe and X-ray diffraction analyses, a single phase material was obtained. The enthalpy of formation of this sample was measured at 298 K by calorimetry in a 5 N hydrochloric solution. By using a relaxation method, these authors also measured the heat capacity of the sample in the temperature range 2-300 K. The Gibbs energy of LaZn 13 at 298 K was deduced from these results by Morishita and coworkers.
Recently, Berche et al. [26] determined the heat content H T -H 298 of La 2 Zn 17 between room temperature and 665 K using the drop calorimetry method. A comparison between this value and that obtained using the Kopp-Neumann rule suggests a negligible excess heat capacity (see Table 7 ). In the same study, Berche et al. [26] performed solution calorimetry measurements at 665 K in tin bath to determine the enthalpies of formation of the La-Zn intermediate phases at 298 K. The result obtained for LaZn 13 agrees with Morishita's value [27] within the uncertainty limit (see Fig. 7) . The enthalpies of formation of LaZn, LaZn 2 , LaZn 5 and La 2 Zn 17 were also calculated at 0K by Berche et al. [26] using Density Functional Theory (DFT) calculations. The theoretical results are compared to those obtained experimentally by the same authors in Table 8 and in Fig. (7) . A good agreement is observed even though the enthalpies of formation were determined at different temperatures (0K and 298K). This observation could support our previous statement that the excess heat capacity is low for the La-Zn phases. The enthalpy of formation of the intermediate phases of the La-Zn system were also estimated by Berche et al. [26] from Kovalevskii's measurements in the temperature range 700-1120 K. The values are given in Table 8 . The heat contents and average heat capacities of the La-Zn compounds were then determined by Berche et al. [26] for temperatures between 298 K and 910 K. These quantities were deduced from the difference of the enthalpies of formation of the La-Zn compounds between 298 K and 910 K. They are reported in Table 9 . Note that 910K corresponds to the average temperature of the temperature range investigated by Kovalevskii. The heat content of La 2 Zn 17 reported in Table 9 (12.0 kJ mol -1 ) is in relative good agreement with that reported in Table 7 (15.2±0.3 kJ mol -1 ) which was obtained from linear extrapolation of the experimental values from 665K to 910K.
Finally, the partial enthalpy of mixing of lanthanum in liquid zinc at 745 K was determined by Berche [28] using direct solution calorimetric measurements. The results are Fig. (7) . Enthalpies of formation of solid La-Zn phases at 0 K and 298 K from [26] . DFT calculation (0 K) [26] Solution calorimetry in acid (298 K) [27] presented in Fig. (8) . The value of the partial enthalpy of mixing of La in liquid zinc at 745 K at infinite dilution amounts to about -370 kJ (mol of atom) -1 .
CONCLUSION
The La-Zn phase diagram reported in Massalski's compilation [4] is only based on the experimental data of Rolla et al. [5] . In this work, we propose a new phase diagram that accounts for the whole reliable set of data available in literature. Even though the description of this phase diagram is incomplete and because some doubts remain due to discrepancies between the literature data, the main phase equilibria are described. 11 and LaZn 13 phases deserve new investigations. New measurements are also required in the La-and Zn-rich regions and the characteristics of the eutectic equilibrium "liquid = LaZn + LaZn 2 " must be clarified. Furthermore, the compositions range 76-86 at. %Zn must be reinvestigated.
Regarding the thermodynamic data, they have already been determined for solid phases. However, only a few thermodynamic information is available on the liquid phase. 
